Introduction
In adult mammals, neurons of the peripheral nervous system (PNS) can regenerate an axon even after complete nerve transection. In contrast, axonal regeneration is minimal in the CNS. Several factors are likely to contribute to this marked and clinically important disparity in regeneration capacity. The environment surrounding the injured nerve differs between the PNS and CNS, partially accounting for the differential response to axonal injury. In the CNS, oligodendrocytes and glial scar tissue block regeneration by expression of inhibitory molecules such as Nogo, myelin-associated glycoprotein, oligodendrocyte myelin glycoprotein, and chondroitin sulfate proteoglycans (McKerracher et al., 1994; Fawcett and Asher, 1999; Niederost et al., 1999; GrandPre et al., 2000 GrandPre et al., , 2002 Fournier and Strittmatter, 2001; Wang et al., 2002) . The distal degenerating stump of a peripheral nerve lacks these axon growth inhibitors and is a fertile environment for the growth of axons. Indeed, CNS axons can extend long distances through transplanted peripheral nerve stumps or through a transplanted embryonic nervous system (Richardson et al., 1980; Coumans et al., 2001; Bregman et al., 2002) .
Cell-autonomous factors also appear to specify the capacity for axonal regeneration, regardless of extracellular factors. Adult CNS neurons never extend axons as rapidly as do their embryonic or PNS counterparts (Goldberg et al., 2002) . Peripheral nerve injury before central injury appears to induce a growthcompetent state that allows a degree of CNS growth from the central process of the same neuron injured peripherally (Chong et al., 1999; Neumann and Woolf, 1999) . This "conditioning" effect suggests that a program of gene expression uniquely induced by peripheral axotomy can support axon extension. Data from different paradigms indicate that signaling pathways mediated by cAMP (Qiu et al., 2002a,b) and Janus activated kinase (JAK)-signal transducer and activator of transcription (STAT) phosphorylation (Liu and Snider, 2001 ) may participate in changes in axonal regeneration competence.
One approach to advancing our understanding of the molecular determinants of axonal regeneration is to characterize gene expression profiles before and after peripheral nerve injury. Regeneration-associated genes (RAGs) have been identified using a range of methods, including differential-display PCR (Kiryu et al., 1995) , expressed sequence tag analysis (Tanabe et al., 1999) , differential screening of a subtractive cDNA library (Araki et al., 2001) , subtractive hybridization (Costigan et al., 1998) , and cDNA microarray analysis (Bonilla et al., 2002; Costigan et al., 2002) . Known RAGs encode many classes of proteins, including but not limited to neurotrophin receptors (Funakoshi et al., 1993) , cytoskeletal elements (Muma et al., 1990; Moskowitz and Oblinger, 1995) , neuropeptides (Villar et al., 1989; Wakisaka et al., 1991) , transcription factors (Tsujino et al., 2000) , and molecular chaperones (Costigan et al., 1998; Lewis et al., 1999; Benn et al., 2002) . The observation that many RAGs are developmentally prevalent genes has led to the notion that "regeneration recapit-ulates development." Growth-associated protein (GAP)-43 is perhaps the prototypical RAG and fits this paradigm (Skene and Willard, 1981; Skene, 1989) . In a recent cDNA microarray study, we observed that the small proline rich protein 1A (SPRR1A) is very strongly induced by peripheral axotomy and promotes axon growth (Bonilla et al., 2002) ; however, SPRR1A is not found in any developing neurons, so the development-regeneration link is not universal.
Here, we have extended the analysis of RAGs by using a more comprehensive and sensitive Affymetrix DNA microarray system. The data indicate that dozens of previously unrecognized RAGs exist, and our studies focused on one of these: fibroblast growth factor-inducible-14 (Fn14). Fn14 is a transmembrane protein (Meighan-Mantha et al., 1999) reported to be a receptor for tumor necrosis-like weak inducer of apoptosis (TWEAK), a member of the tumor necrosis factor (TNF) superfamily of structurally related cytokines (Wiley et al., 2001) . It has been reported that TWEAK is an angiogenic factor and that TWEAK binding to Fn14 promotes the proliferation of both human endothelial cells, leading to angiogenesis (Lynch et al., 1999; Wiley et al., 2001; Harada et al., 2002; Donohue et al., 2003) , and astrocytes (Desplat-Jego et al., 2002) . There is no reported neuronal function for Fn14. We show that Fn14 is induced in dorsal root ganglia (DRG) neurons during sciatic nerve regeneration and promotes neurite outgrowth through a mechanism that appears to involve the Rho family GTPase, Rac1.
Materials and Methods
Animal surgery and RNA isolation. Adult male C57BL/6 mice were anesthetized by intraperitoneal injection of 2,2,2-tribromoethanol (SigmaAldrich, St. Louis, MO). The sciatic nerve at the midthigh level was exposed and transected. For retrograde labeling, fluoro-gold (FG) was applied to the cut proximal end of the nerve at the time of the transection. Animals were killed 1, 4, 7, 14, 28, or 56 d after injury, and the ipsilateral DRG neurons from L4, L5, and L6 were placed into liquid nitrogen. Contralateral DRG neurons served as control. Total RNA was extracted with an RNeasy mini kit (Qiagen, Valencia, CA).
Microarray analysis. The total RNA from control and axotomized DRG samples was reverse-transcribed with T7-(dT) 24 primer (Affymetrix, Santa Clara, CA), and double-stranded cDNA was synthesized with Superscript Choice system (Invitrogen, Carlsbad, CA). Biotinlabeled cRNA was generated with a BioArray High Yield RNA transcript labeling kit (Enzo Diagnostics, Inc, NY). These cRNA samples were hybridized with Mouse Genome U74 A, B, and C arrays from Affymetrix.
Northern blot analysis. As templates, myosin-X (bp 4 -627, BF536234), SOX11 (bp 40 -382, BE854207), FLRT3 (bp 18 -472, BE286611), and TWEAK (bp 78 -561, AW763237) were amplified using PCR reaction from I.M.A.G.E. clones (Incyte Genomics, St. Louis, MO). The Fn14 cDNA fragment (bp 13-411, NM013749) was amplified from a pcDNAI/ Neo plasmid encoding influenza hemagglutinin (HA)-tagged Fn14 (Meighan-Mantha et al., 1999) . Probes were synthesized from these cDNAs by random priming in the presence of [␣- 32 P]dCTP. Northern blot analysis was conducted as described with 5 g samples of total RNA from DRG tissue or PC12 cells (Bonilla et al., 2002) .
In situ hybridization. In situ hybridization was performed as described previously (Tanabe et al., 1999 (Tanabe et al., , 2000 . Fn14 cDNA (bp 22-411, NM013749) and FLRT3 cDNA (bp 18 -472, BE286611) were amplified by PCR and subcloned into pCR2Topo (Invitrogen). The SOX11 cDNA clone (bp 1873-2896, AF009414) was a generous gift from P. Koopman (University of Queensland, Queensland, Australia). In vitro transcription from linearized plasmids was performed using T7 and SP6 RNA polymerase and [␣-
35 S]UTP (DuPont NEN, Wilmington, DE) to prepare both antisense and sense riboprobes. After hybridization to tissue sections, mRNA localization was assessed with emulsion autoradiography.
Herpes simplex virus preparation. The enhanced green fluorescent protein (GFP) cDNA was amplified from pEGFP-N3 (Clontech, Palo Alto, CA) and ligated to the pHSVprPUC vector Takahashi et al., 1998 Takahashi et al., , 1999 . The full coding region of Fn14, Fn14 without the ectocellular domain (aa 77-129), or Fn14 without the cytoplasmic domain (aa 1-103) was amplified by PCR and ligated to the N terminus EGFP coding region of pHSVprPUC-GFP to express Fn14 -GFP fusion protein. The ectocellular-deleted Fn14 mutant contains the translational start and signal sequence from pSecTag2/Hygro vector (Invitrogen). These plasmids were transfected into 2-2 cells with Lipofectamine (Invitrogen) and superinfected with 5dl1.2 herpes simplex helper virus 1 d later as described Takahashi et al., 1998 Takahashi et al., , 1999 .
Cell culture, transfection, and herpes simplex virus infection assay. PC12 cells were grown in DMEM with 10% horse serum and 5% fetal bovine serum. For herpes simplex virus (HSV) infection, cells were plated on glass chamber slides coated with poly-L-lysine (100 g/ml) plus laminin (10 mg/ml) and then incubated in serum-free DMEM with N2 supplement. Cells were fixed 24 hr after infection and stained with rhodaminephalloidin for visualization of F-actin. GAP-43 was visualized with anti-GAP43 polyclonal antibody and cyanine 3 (Cy3)-conjugated anti-rabbit IgG antibody. For cotransfection of individual Rho family proteins and Fn14, Bos expression vectors including myc-tagged Cdc42 (G12V, wild, or T17N), Rac1 (G12V, wild, or T17N) and RhoA (G14V, wild, or T19N) were kindly provided by Y. Takai (Osaka University, Osaka, Japan). PC12 cells were transfected with the plasmids expressing Rho family proteins using Lipofectamine2000 (Invitrogen) and replated to poly-L-lysine (100 g/ml) plus laminin (10 mg/ml)-coated chamber slides 24 hr after transfection. They were infected with HSVFn14 -GFP virus and fixed 24 hr after infection. Recombinant human TWEAK was obtained from Peprotech (Rocky Hill, NJ), and the extracellular domain of Fn14 fused with the Fc portion of murine IgG (Fn14 -Fc) was prepared as described (Donohue et al., 2003) .
DRG neurons were removed from the L4 -6 level from 8-to 10-weekold mice with or without sciatic nerve crush injuries 1 week previously. Neurons were dissociated, cultured, and infected with HSV preparations as described previously (Bonilla et al., 2002) . After 24 hr in culture, cells were fixed, and neurite outgrowth per GFP-expressing viral-infected neurons was scored as described (Bonilla et al., 2002) . In these cultures, 50 -80% of neurons were infected. Some cultures were collected after 24 hr, and protein was analyzed by immunoblot for GFP and Fn14 expression.
COS-7 cells were transfected with Bos myc-Cdc42 (G12V, wild, or T17N), Rac1 (G12V, wild, or T17N), or RhoA (G14V, wild, or T19N) and pEGFP-N3 containing coding region of Fn14 (Meighan-Mantha et al., 1999) using Fugene 6 (Roche, Indianapolis, IN). The cells were fixed 24 hr after transfection, and Rho family GTPases were visualized with 9E10 c-Myc-antibody (Sigma-Aldrich) and Cy3-conjugated anti-mouse IgG antibody (Sigma-Aldrich).
Immunoprecipitation. Human embryonic kidney (HEK) 293T cells were transfected with pcDNA1-Fn14-HA (Meighan-Mantha et al., 1999) and Bos vectors encoding myc-Rac1 or myc-Cdc42. Transfected 293T cells were harvested and lysed at 4°C for 1 hr in 50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM MgCl 2 , 1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS, and complete proteinase inhibitor mixture (Roche). The lysates were centrifuged at 13,000 ϫ g at 4°C for 20 min, and the supernatants were collected. Samples were then incubated with an anti-Mycconjugated agarose (Santa Cruz Biotechnology, Santa Cruz, CA) for 14 hr at 4°C. The agarose beads were centrifuged and washed five times with wash buffer, 50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM MgCl 2 , 1% Triton X-100, and complete proteinase inhibitor mixture. The bound Fn14 was detected by immunoblotting with anti-HA monoclonal antibody (Roche).
DRG samples were immunoblotted using anti-GFP (Clontech) and anti-Fn14 antibodies (Meighan-Mantha et al., 1999) .
Rac1 activity assay. HEK293T cells were transfected with pcDNAI/ Neo-Fn14-HA or pcDNAI/Neo and lysed with 50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 10 mM MgCl 2 , and complete proteinase inhibitor. The lysate was centrifuged at 13,000 ϫ g at 4°C for 20 min, and the supernatant was incubated with 10 g of GST-p21-binding domain of PAK-1 coupled to glutathione agarose at 4°C for 45 min. The agarose beads were collected by centrifugation and washed with 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10 mM MgCl 2 , and complete proteinase inhibitor. The bound GTP-Rac1 was detected by immunoblotting with anti-Rac1 monoclonal antibody (Upstate Biotechnology, Lake Placid, NY).
Results

Microaray expression profile of nerve injury-related genes
In previous experiments, Incyte microarrays consisting of PCR products derived from Unigene expressed sequence tags (ESTs) were used to compare DRG mRNAs before and 7 d after sciatic nerve transection (Bonilla et al., 2002) . Hybridization signals were detected for only 1500 of 8000 cDNAs on these arrays, so that a very incomplete survey of RAGs was obtained. Here, Affymetrix arrays covering 6000 mouse full-length cDNAs and ϳ30,000 EST clusters were used in the same experimental paradigm. Not only did this provide greater coverage of the genome, but the method is more sensitive, yielding detectable hybridization signals for 24% of genes. In an initial comparison at 7 d after injury, it was clear that there are many more differentially expressed genes detected by this method. Using a stringent cutoff for further analysis (more than or equal to fivefold change), 36 different mRNAs were upregulated and two were downregulated (Table 1 ). In contrast, only two genes would have met this criterion in our previous studies (Bonilla et al., 2002) . Among the upregulated genes, five had previously been reported to be induced by peripheral nerve transection (Wakisaka et al., 1991; Zhang et al., 1996; Mattsson et al., 1998; Landry et al., 2000; Tsujino et al., 2000) , supporting the validity of this method. The other 31 genes were detected for the first time here as RAGs. We could separate the 36 genes into several categories: neuropeptides (neuropeptide Y, galanin), immune system-related (complement C1q, histocompatibility class 2 antigen), transcription factors (ATF-3, SOX11), cellular metabolism (lysozyme P, glucosaminyltransferase, lysozyme M), cytoskeletal (myosin-X), and others. Both of the downregulated genes were unknown EST clones. Several known RAGs were upregulated, but the numerical values did not meet this stringent cutoff. This group included SPRR1A (more than or equal to fourfold, with no signal above background in control samples), heat shock protein (HSP)-27 (more than or equal to twofold, with no signal above background in control DRG samples), and GAP-43 (2.3 fold). Other known RAGs, such as CAP23 and Reg-1, are not represented on the chip.
Expression profile of myosin-X, SOX11, and FLRT3 before and after nerve injury
To generate a genome-wide analysis of expression patterns in nerve regeneration, it will be necessary to obtain a complete expression profile at multiple time points with statistical analysis of gene clusters from numerous repetitions of this experiment. Instead, we focused here on validation and functional studies for several selected genes derived from the initial screen. Four genes were studied further: myosin-X, SOX11, FLRT3, and Fn14. Some Those genes with expression level that is altered more than fivefold 1 week after sciatic nerve transection are listed. The genes studied here are in bold.
function and expression data have already been provided for each of these, but no studies have investigated their role in the nervous system generally or in axonal regeneration specifically.
As a first step, we sought to validate the microarray expression changes by Northern blot analysis of control and 7 d postsciatic nerve injury DRG RNA samples (Fig. 1 A) . Myosin-X has two transcript forms in adult mouse tissue, a full-length form (8.7 kb) and a shorter form deleting N-terminal head region (7.0 kb), with a third short isoform (4.8 kb) in embryonic tissue (Berg et al., 2000; Yonezawa et al., 2000) . In myosin-X Northern blot hybridizations, four weak signals (ϳ8.7, 7.0, 4.8, and 1.8 kb) are seen in control DRG tissue, and all of these transcripts are upregulated to some degree by nerve injury. In embryonic day 15 (E15) and neonatal day 3 (P3) samples, the 8.7 and 7.0 kb transcripts were more highly expressed than in uninjured adult DRG.
For SOX11, a previous study had demonstrated a single transcript of 3.5 kb in the whole mouse embryo (Hargrave et al., 1997) , whereas in human and chicken two transcripts (9.5 and 3.0 kb) were observed (Jay et al., 1995; Uwanogho et al., 1995) . In our study, a low level of SOX11 mRNA expression was detected (3.5 kb) in control adult DRG. In contrast, axotomized DRG samples express much higher levels of the 3.5 kb SOX11 transcript, with detectable levels of three minor transcripts (9.5, 4.8, and 2.0 kb). Uninjured E15 DRG expression of all four SOX11 transcripts is strong, and expression is downregulated to adult levels by P3.
In human tissues, FLRT3 was detected as a single transcript of 4.4 kb (Lacy et al., 1999) . In our mouse control adult DRG Northern blots, a single weak signal is also present at 4.0 kb. FLRT3 mRNA expression is dramatically increased after nerve injury, and E15 DRG have higher expression than adult control DRG. In brief, the microarray data for myosin-X, SOX11, and FLRT3 are confirmed by Northern blotting. In each case, the upregulation after injury mirrored the high expression during development. These findings are consistent with the linked regeneration-development hypothesis.
Although the Northern analysis demonstrates DRG expression, it does not distinguish which cells express the mRNA of interest. If these proteins are to contribute to axonal regeneration, then neuronal expression would be consistent with a more direct role in the process. In situ hybridization studies were conducted for SOX11 and FLRT3 (Fig. 1 B) . Injured neurons were identified by retrograde labeling with FG applied at the time of injury to the proximal cut end of the sciatic nerve. Increased silver grain density reflecting hybridization to either FLRT3 or SOX11 mRNA is seen over cells in the injured DRG sections. Moreover, the increased grain density corresponds to the fluorescent label, demonstrating that these genes are induced in axotomized neurons. We have not made an extensive statistical analysis of SOX11 and FLRT3 colocalization with FG, but most of the FG-positive cells are SOX11 or FLRT3 positive after injury, suggesting that the induction is not DRG neuron-subtype specific.
Expression profile of Fn14 and TWEAK during nerve regeneration
Validation studies by Northern analysis and in situ hybridization were also performed for the Fn14 gene. The expression level of the ϳ1.2 kb Fn14 mRNA is barely detectable in uninjured adult DRG or in developing DRG (E15 and P3); however, Fn14 mRNA is induced after axotomy (Fig. 2 A) . Thus, Fn14 is a RAG not subject to developmental regulation but specific to the regeneration process. Fn14 expression is increased 1 d after axotomy and is elevated further by postoperative days 4 -7. Thereafter, Fn14 mRNA expression gradually decreases to control levels by 56 d after axotomy (Fig. 2 B) . By in situ hybridization Fn14 expression is localized to injured DRG neurons retrogradely labeled with fluoro-gold from the axotomy site. Because Ͼ80% of fluorogold-stained cells exhibit increased Fn14 mRNA, we conclude that there is little specificity of Fn14 regulation among different DRG populations (Fig. 2C) .
Recently, Fn14 was identified as a receptor for the TNFrelated cytokine TWEAK (Wiley et al., 2001) . Therefore, we examined TWEAK mRNA expression in the DRG and in the proximal and distal nerve stumps before and after sciatic nerve injury (Fig. 2 D) . TWEAK mRNA level is the same in the control and axotomized DRG. TWEAK is moderately expressed in control sciatic nerve, and expression appears to be downregulated by nerve injury. Thus, there is no obvious correlation of changes in Fn14 and TWEAK gene expression during sciatic nerve regeneration. Fn14 and TWEAK expression during PC12 cell differentiation PC12 pheochromocytoma cells can differentiate under appropriate culture conditions to a neuronal phenotype and have been widely used for studies of nerve growth factor (NGF) signal transduction, neuronal survival, and neurite outgrowth. To consider the potential role of Fn14 and TWEAK during PC12 neurite growth, we examined Fn14 and TWEAK mRNA expression levels in undifferentiated and NGF-treated PC12 cells by Northern blot analysis (Fig. 3) . Fn14 expression is detectable in untreated cells and is moderately increased at 12 hr after NGF addition. Peak Fn14 mRNA expression occurs after 1 d in the presence of NGF, followed by a decline after 9 d in NGF. In contrast, TWEAK mRNA expression is detectable throughout differentiation and is not regulated by NGF treatment. These results indicate that the Fn14 receptor may be involved in NGF-induced PC12 neuronal differentiation.
Fn14 induces neurite outgrowth in PC12 cells
To explore a potential role for Fn14 in neurite outgrowth, wildtype and mutant forms of Fn14 were overexpressed by infection with a recombinant HSV vector (Fig. 4 A) . Within 20 hr of exposure to the Fn14 virus, expression of the wild-type Fn14 -GFP fusion protein is observed. In the absence of any added NGF, a significant percentage of Fn14 -GFPexpressing PC12 cells extend long neurites on laminin-coated surfaces (Fig. 4 B, C) . Neuritogenesis is not observed in uninfected cultures or in GFP-expressing cells. This Fn14 response is more rapid and robust than the response to NGF in the same time period. Fn14 activity requires both the ectodomain and the cytoplasmic domains, because expression of truncated mutant proteins has no neuritogenic effect in PC12 cells. No detectable change in cell viability is associated with Fn14 expression in this assay, as determined by cell counts (data not shown). It is clear that Fn14 overexpression can dramatically promote neuritogenesis from PC12 cells.
Because PC12 cells coexpress TWEAK and Fn14, we determined whether TWEAK could act in an autocrine manner to promote neuritogenesis. To enhance TWEAK function, purified TWEAK protein was added to the culture medium. To inhibit TWEAK function, an Fn14 -Fc decoy receptor, consisting of the extracellular portion of Fn14 fused to the murine IgG1-Fc domain (Donohue et al., 2003) , was added to the medium. Neither TWEAK nor Fn14 -Fc promotes neurite extension from control PC12 cells (Fig.  4 D) . Furthermore, neither reagent alters Fn14-induced neuritogenesis. Thus, the Fn14 effect appears to be TWEAK independent in this system. The fact that the Fn14 -Fc protein has no effect on Fn14-induced neuritogenesis suggests that Fn14 is acting in a ligand-independent manner. Adult DRG neurons extend neurites much more rapidly than PC12 cells, even after NGF differentiation. The effect of overexpressing wild-type Fn14 or the potentially dominant-negative Fn14 mutant form lacking the cytoplasmic domain (Fn14 -⌬END) was examined in adult DRG neurons (Fig. 4 E, F ). L4 -6 DRG neurons were cultured from naive animals (with low endogenous Fn14) and from animals with ipsilateral sciatic nerve lesion 1 week previously (with induced endogenous Fn14 expression). Fn14 wild-type overexpression did not significantly increase outgrowth compared with control GFP-expressing cultures. Fn14 wild-type overexpressing cells exhibit a very slight, but statistically significant, increase in outgrowth compared with Fn14 -⌬END-expressing cells. This minimal effect was significant only in naive cultures with low endogenous Fn14. As for PC12 cells, the addition of TWEAK ligand did not alter neurite outgrowth rates in adult DRG neurons (Fig. 4 E) .
Fn14 induces filopodia and lamelipodia in PC12 cells
The most readily apparent morphologic effect of Fn14 overexpression in PC12 cells is neuritogenesis. Closer examination, however, reveals additional morphologic changes. There is a striking increase in the presence of filopodial extensions from the cell perimeter of Fn14-overexpressing cells. Although untreated or HSV-GFP-infected PC12 cells have short filopodia at the acute angles of the cell surface (Fig. 5A ), Fn14 -GFP-expressing cells exhibit numerous long filopodia extending from straight cell borders as well as from angular cell borders (Fig. 5B) . Concomitant with increased filopodial formation, Fn14 -GFP-expressing cells showed cell spreading and lamelipodia formation (Fig. 5C ). Filopodia and lamelipodia formation is also seen in extending neurites (Fig. 5 D, E) .
Filopodial and lamelipodial structures are rich in F-actin and their formation is dependent on microfilament rearrangements. A comparison of Fn14 -GFP and F-actin localization demonstrates extensive colocalization near the cell perimeter and in filopida and lamelipodia ( Fig. 5B-E) . GAP-43 has been localized to neuronal growth cones and has been considered a marker for regenerating neurites (Skene and Willard, 1981; Skene, 1989 ). Fn14 -GFP-rich filopodia and lamelipodia contain abundant colocalized GAP-43 (Fig. 5F ). It seems probable that Fn14 induction of F-actin/GAP-43-rich filopodia and lamelipodia is a precursor to neuritogenesis from PC12 cells. By these criteria, the neuritic morphology induced by NGF treatment and Fn14 overexpression share similarities at the cytoskeletal level.
Fn14 promotes growth cone formation in differentiated PC12 cells
The foregoing experiments demonstrate that Fn14 overexpression can promote the formation of PC12 neurites in the absence of NGF but do not reveal possible effects on neurites already established in NGF-treated cells. After 10 d of NGF treatment, PC12 cells exhibit extensive neurite outgrowth but most of the neurite tips display minimal lamelipodial growth cone-like specialization. To examine the effect of Fn14 overexpression on differentiated PC12 cells, cultures were infected with HSV-Fn14 -GFP or HSV-GFP virus. Fn14 -GFP but not GFP-expressing cells show a significant increase in the percentage of well spread neuritic tips with growth cone widths Ͼ10 m (Fig. 6 A, B) . As in the neuritogenesis assays, addition of TWEAK or Fn14 -Fc did not enhance or inhibit growth cone formation (Fig. 6 B) . Thus, Fn14 promotes both growth cone formation and neuritogenesis by a mechanism that appears ligand independent.
Fn14 interacts and colocalizes with Rac1 GTPase
Rho family GTPases play a central role in modulating F-actin structures (Ridley and Hall, 1992; Kozma et al., 1995 Kozma et al., , 1997 Nobes and Hall, 1995; Hall, 1998) and thereby modulate neurite and growth cone motility (Mackay et al., 1995; Tanaka and Sabry, 1995; Jin and Strittmatter, 1997; Meyer and Feldman, 2002) . For PC12 cells, it has been demonstrated that both activated Cdc42 and Rac lead to lamelipodia and cell spreading, whereas activated Cdc42 induces filopodia. Furthermore, effectors of Cdc42 and Rac cause PC12 neurite outgrowth (Daniels et al., 1998) . Rac/ Cdc42 activation is required for neurite outgrowth in response to NGF Yamaguchi et al., 2001; Yasui et al., 2001) . In contrast, RhoA activation inhibits neurite outgrowth (Jalink et al., 1994; Tigyi et al., 1996; Jin and Strittmatter, 1997) . The morphology of Fn14-overexpressing PC12 cells is remarkably similar to that of cells expressing activated Cdc42 or Rac1. On the basis of these observations, we speculated that Fn14 may modulate signal transduction by Rac1 or Cdc42, or both.
To test this hypothesis, we compared the subcellular localization of Fn14 and Rho family GTPases. COS-7 cells were cotransfected with plasmids encoding GFP-tagged Fn14 and myc-tagged Rho family GTPases. As in PC12 cells, Fn14 is enriched within leading edge ruffles and dorsal ruffles (Fig. 7) . In these locations, Fn14 is colocalized with F-actin. The distribution of RhoA partially overlaps with that of Rac1, Cdc42, and Fn14 but can be distinguished by its absence from dorsal ruffles. The colocalization of Fn14 with Rac1 and Cdc42 is consistent with one or both G-proteins participating in the neuritogenic effects of Fn14.
If Rac1 or Cdc42 participate in Fn14 action, then they may be present in a physical complex with Fn14. Myc epitope-tagged Rho family proteins were coexpressed with HA epitope-tagged Fn14 in HEK293T cells. Rac and Cdc42 immunoprecipitates were examined for associated Fn14. Only Rac1 immunoprecipitates contain Fn14 despite equal expression of the closely related G-protein, Cdc42 (Fig. 8 A) . Some G-protein interactions are dependent on the activation state of the G-protein; however, Fn14 coimmunoprecipitates equally well with wild-type, constitutively active, and dominant-negative Rac1. The equal binding to all forms of Rac1 raises the possibility that Fn14 does not directly alter the Rac1 activation state. Indeed, PAK pull-down assays of activated Rac1 demonstrate no alteration of total activated Rac1 in Fn14-expressing cells (Fig. 8 B) . Thus, Fn14 colocalizes with Rac1, physically associates with Rac1, and produces a phenotype resembling that of activated Rac1 when overexpressed in PC12 cells.
The immunoprecipitation results do not distinguish between a direct and an indirect Rac1/Fn14 association. In experiments using recombinant Rac1 purified from bacterial cells, there was no detectable interaction with purified fragments of Fn14 (data not shown). This suggests that additional cellular proteins participate in the Rac1/Fn14 complex detected in HEK293T cells.
Fn14-induced neuritogenesis requires Rac1
If Fn14 effects are mediated via a protein complex that includes Rac1, then inactivation of Rac1 should block the neuritogenesis induced by Fn14 overexpression. To assess the role of Rac1 activity in Fn14 neuritogenesis, PC12 cells were transfected with an activated, wild-type, or dominant-negative Rac1 expression vector and replated to laminin-coated chamber slides before infection with HSV-Fn14 -GFP or HSV-GFP. After 24 hr, neurite outgrowth is stimulated to a similar extent in cells coexpressing Fn14 plus wild-type Rac1 and in cells expressing activated G12VRac1 and GFP (Fig. 9) . The effects of Fn14 and G12VRac1 are synergistic, leading to Ͼ50% of coexpressing cells extending neurites. In contrast, dominant-negative T17NRac1 suppressed the neuritogenic effect of Fn14. Thus, Fn14 and activated Rac1 appear to act in the same pathway and Fn14 activity requires Rac1 function.
Discussion
In the present study, we identified a number of genes with altered neuronal expression after peripheral nerve injury. Among them, we demonstrate that Fn14 has a regeneration-specific role in neuritogenesis that requires Rac1 but not the Fn14 ligand TWEAK. Fn14 colocalizes in F-actin-rich structures with Rac1 and physically associates with Rac1. Furthermore, Fn14 overexpression in PC12 cells produces a phenotype resembling that of activated Rac1, and this effect is blocked by dominant-negative Rac1. These studies identify a novel pathway that may contribute to the process of axonal regeneration in vivo.
Microarray analysis for detection of nerve regeneration-associated genes
Thirty-eight RAGs were identified by our microarray studies of sciatic nerve regeneration, with 5 being recognized previously and 33 unreported previously. Significant upregulation of four previously unreported genes (myosin-X, SOX11, FLRT3, Fn14) was validated. Myosin-X is an unconventional myosin that is reported to shuttle along filopodia and increase their number (Berg and Cheney, 2002) . Because filopodia motility is essential for growth cone guidance, enhanced expression of myosin-X suggests that myosin-X might contribute to axonal guidance during neuronal development and regeneration. SOX11 is a transcription factor involved in neuronal differentiation (Uwanogho et al., 1995; Hargrave et al., 1997; Rex et al., 1998; Hyodo-Miura et al., 2002) ; however, the role of SOX11 in mature differentiated neurons has not been explored, and this study is the first report of upregulated SOX11 expression during nerve regeneration. The FLRT3 gene encodes a protein that may function as a cell surface receptor, but no ligand or functional biology is known (Lacy et al., 1999) . All three of these genes are also expressed in developing DRG, and a role in regeneration would support the dogma that regeneration recapitulates development.
Fn14 expression in regenerating DRG neurons
The fourth RAG examined, Fn14, is induced in neurons during peripheral nerve regeneration but is not present during neural development. In this regard, it does not fit the developmental paradigm for axonal regeneration. There is growing precedence for such a separation of these processes. Our previous studies on SPRR1A identified another RAG that distinguished regenerative axon growth from developmental axonal extension (Bonilla et al., 2002) . Similarly, JAK-STAT signaling appears to play a role selectively in regenerative growth from DRG (Liu and Snider, 2001) . Although TWEAK can serve as a ligand for Fn14 in endo- thelial cells (Wiley et al., 2001; Harada et al., 2002; Donohue et al., 2003) , we did not find evidence for compensatory or parallel regulation of Fn14 and TWEAK during nerve regeneration. Similarly, functional studies of axon outgrowth and Fn14 argue against a role for TWEAK. Thus, the function of Fn14 in this context appears to be ligand independent. Ligand-independent, TNF receptor-associated factor (TRAF)-dependent Fn14 activation of nuclear factor-B (NF-B) has been reported . Thus, the absence of a role for TWEAK is perhaps not surprising for these Fn14-sensitive neuronal cultures.
Fn14 overexpression promotes growthcone formation and neurite outgrowth Although PC12 cells normally possess low levels of Fn14, overexpression of the protein induces filopodia, lamelipodia, and neuritogenesis. In NGF-differentiated cultures, Fn14 overexpression promotes growth cone formation. A direct role for Fn14 in forming filopodia, neurites, and growth cones is supported by the localization of Fn14 protein to these structures and its colocalization with F-actin and GAP-43. These effects are clear in PC12 cells that otherwise exhibit few or no neurites and growth cones. For DRG neurons, axon growth is robust in culture, and minimal enhancement by Fn14 overexpression is observed in comparison only with cells expressing a potentially dominantnegative Fn14 truncation mutant (Fig. 4) . The lack of Fn14-stimulated outgrowth in adult DRG neurons suggests that Fn14 function in DRG cultures may be redundant with other outgrowth-promoting mechanisms. Other relevant pathways are likely to be numerous and may include, but not be limited to, GAP-43 and SPRR1A induction (Skene, 1989; Bonilla et al., 2002) .
Interaction of Fn14 with Rac1
Rho family GTPases are known to play central roles in regulating growth cone motility and neurite extension (Mackay et al., 1995; Hall, 1998; Dickson, 2001; Meyer and Feldman, 2002) . Several lines of evidence demonstrate that Fn14 promotes neuritogenesis and growth cone formation by interactions with Rac1. The two proteins colocalize and can be coimmunoprecipitated from transfected cells. In addition, activated Rac1 produces a PC12 phenotype similar to that of Fn14 overexpression, and dominant-negative Rac1 blocks Fn14-induced neuritogenesis. It is notable that expression of constitutively active Rac1 in DRG neurons does not enhance axon growth (Jin and Strittmatter, 1997), a negative finding that parallels the reduced activity of Fn14 overexpression in these rapidly growing axons. For PC12 cells, an Fn14 complex with Rac1 and other unidentified proteins appears capable of promoting axon outgrowth.
Fn14, like other TNF superfamily receptors, is associated via its cytoplasmic domain with adaptor proteins termed TRAFs (Wiley et al., 2001; Brown et al., 2003) . Several specific TRAF isoforms are known to associate with the Fn14 cytoplasmic domain. In general, the TRAFs are known to be crucial for linking A-E, PC12 cells were cultured for 24 hr after infection with HSV-GFP or HSV-Fn14wild-GFP and examined for GFP (green) and F-actin (red, rhodamine-phalloidin). Although HSV-GFP has no effect on cell morphology ( A), overexpression of Fn14 induces a number of long filopodia extending from straight cell borders and from angular cell borders ( B). Spreading and lamelipodial formation is also observed in Fn14-expressing PC12 cells ( C). Filopodia and lamelipodia are seen at the distal ends of formed growth cones (D, E). Fn14 and F-actin are well colocalized near the cell perimeter and in filopida and lamelipodia (arrows). F, After HSV-Fn14wild-GFP infection, GAP-43 (red) is expressed abundantly in filopodia and lamelipodia and colocalized with Fn14 (arrows). Scale bars, 10 m.
the TNF family receptors to NF-B activation. There is also some evidence, however, that TNF receptor/TRAF complexes can couple to Rho family G-proteins in non-neuronal cells (Min and Pober, 1997; Puls et al., 1999) , providing one potential explanation for the neurite outgrowth effects observed here.
The effect of Fn14 expression on Rac1 activation is not clear from this work. The Fn14 phenotype in PC12 cells resembles that of activated Rac1. Therefore, the simplest model would be that the complex formation between Fn14 and Rac1 leads to G-protein activation. Fn14 overexpression, however, does not increase the proportion of activated Rac1 in the cell, and Fn14 has no binding preference for active versus inactive Rac1. Although most G-protein-regulating proteins exhibit a strong preference for either the active GTP-bound or inactive GDP-bound state, there is precedent for other proteins with nucleotide-ambivalent Rho family interactions. Drosophila PlexinB receptors bind Rho-GTP and Rho-GDP equally well, but reducing Rho gene dosage suppresses PlexinB gain-of-function phenotypes (Hu et al., 2001) . The clearest example of a protein that interacts strongly with both Rac-GTP and Rac-GDP is the Rho-GDI protein (Nomanbhoy and Cerione, 1996; Hoffman et al., 2000) . Rho-GDI binds both states of Rho family proteins and inhibits both GTP hydrolysis and GDP release. Its in vivo activity is attributable primarily to a third activity, that of binding the geranylgeranyl moeity of the G-protein and sequestering the protein from the plasma membrane to the cytosol. Recently, several receptor systems have been shown to regulate Rho family activity indirectly by altering interactions between the G-protein and Rho-GDI (Takahashi et al., 1997; Del Pozo et al., 2002; Yamashita and Tohyama, 2003) . The effect of Fn14 on Rac signaling cascades is not fully defined. It may be that the Fn14 effect is to relocalize and concentrate Rac1 to sites more prone to lead to growth cone formation without changing its activation state. The effect would Fn14 colocalizes with Cdc42 and Rac1. Cos-7 cells were cotransfected with GFPtagged Fn14 and myc -tagged wild-type Rho family GTPases. F-actin was visualized with rhodamine-phalloidin, and Rho family GTPases were visualized with 9E10 anti-myc antibody and Cy3-conjugated anti-mouse IgG antibody. A, Fn14 accumulates and colocalizes with F-actin at dorsal ruffles (arrowheads) and leading edge ruffles (arrows) but not at stress fibers (small arrows). B, C, Cdc42 and Rac1 distribution overlap extensively with that of Fn14 at dorsal ruffles (arrows) and leading edge ruffles (arrowheads). D, RhoA colocalizes with Fn14 at leading edge ruffles (arrowheads) but not at dorsal ruffles (arrows). Scale bar, 20 m.
be opposite to Rho-GDI, moving the protein from the cytosol to the membrane. Alternatively, Fn14 and associated proteins may activate a small proportion of Rac1 locally that is not detected under our experimental conditions. Nonetheless, Rac1 is essential for Fn14-induced neuritogenesis.
Conclusion
A microarray method has been used successfully to identify numerous regenerationassociated genes in DRG after sciatic nerve transection. Although some of these are well characterized and exhibit a coordinated expression in development and regeneration, Fn14 is one of a smaller group that is expressed more selectively during regeneration. Here we provide evidence that Fn14 overexpression promotes neurite extension and growth cone formation in PC12 cells. Fn14 associates with the Rho family GTPase Rac1, and Rac1 is necessary for the Fn14-induced neuronal cell effects. These data further expand the range of mechanisms capable of contributing to regenerative axon growth after injury. . Fn14-induced PC12 neurite outgrowth requires Rac1 function. Constitutively active (G12V), dominant-negative (T17N), or wild-type Rac1 was coexpressed with Fn14 -GFP (Fn14) or GFP in PC12 cells, and neurite outgrowth was assessed. Expression of Rac1G12V ϩ GFP, Rac1wildϩFn14 -GFP, or Fn14 -GFP alone (ϩMock) increased neurite outgrowth significantly, compared with GFP-expressing cells (*p Յ 0.01; Student's two-tailed t test). Coexpression of Rac1G12V with Fn14 -GFP increased outgrowth to levels greater than that observed with Rac1G12VϩGFP, Rac1wildϩFn14 -GFP, or Fn14 -GFP expression (**p Յ 0.05; Student's two-tailed t test). Cells expressing Rac1T17N with Fn14 -GFP exhibited outgrowth indistinguishable from control GFP-expressing cells and significantly less outgrowth than those cells expressing Rac1G12VϩGFP, Rac1wildϩFn14 -GFP, or Fn14 -GFP alone (***p Յ 0.05; Student's two-tailed t test). Data are the means Ϯ SEM from three independent experiments.
